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Abstract
Increasing demands for smaller and smarter devices in a variety of applications requires the in-
vestigation of process-machine-interactions in micro manufacturing to ensure process results that
guarantee part functionality. One approach is the use of simulation-based physical models. In this
contribution, methods for the physical modeling of high-precision air bearing and magnetic bearing
spindles are presented in addition to a kinematic model of the micro milling process. Both models
are superimposed in order to carry out investigations of the slot bottom surface roughness in micro
end milling. The results show that process-machine-interactions in micro manufacturing can be
modeled by the superposition of a physical model of the machine tool spindle taking cutting forces
into consideration and a purely kinematic model of the machining process, providing the necessary
tools for a variety of further investigations into process-machine-interactions in micro manufacturing.
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1 Introduction
The increasing demand for smaller and smarter products in a wide range of applications
poses new challenges for manufacturing technology [31]. Even the slightest influence on the
machining process, whether machine or process induced, can harm the functionality of the
component [7]. For this reason, the investigation of process-machine-interactions is moving
into focus within the field of micro cutting [1]. The term process-machine-interaction (PMI)
refers to the interaction between a manufacturing process and the machine tool used. These
interactions can negatively influence the machining process and thus need to be investigated
in order to minimize potentially harmful process-machine-interactions and also identify
possible positive effects of certain process-machine-interactions on process results [8]. In
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macro machining, numerous methods to analyze the effects of process-machine-interactions
have been developed. A comprehensive overview of these methods can be found in [7] and
[8]. Process-machine-interactions can affect both the machine tool, especially the machine
tool spindle and the tool, and the process result. This can result in increased tool wear or
premature tool breakage [8]. Also, process-machine-interactions can influence the process
result and thus eventually affect the functionality of the part [13]. In micro machining, the
dimensions of the tool and the chip to be removed are significantly smaller than in macro
machining, which causes changes in the physical behavior during machining known as size
effects [27], which is why existing methods for investigating process-machine-interactions in
macro manufacturing cannot be adopted to micro manufacturing [1]. As such, the machine
tool and machine tool spindle, including the tool, must be regarded as separate aspects [21].
While macro machining aims to reduce chatter vibrations by increasing the stiffness of the
machine tool and using shorter or stiffer tools, an excessive influence of spindle run-out on
the process result is observed in micro machining [21]. Thus, in order to use simulation-based
physical models to investigate process-machine-interactions in micro manufacturing, detailed
physical models of both the machine tool spindle including the tool, and the process, are
required to capture process-machine-interactions.
Simulation-based investigations of micro cutting are either based on purely kinematic
simulations [3, 23], chip formation simulations [2], or on kinematic simulations with added
cutting force models [1, 22, 26]. Purely kinematic simulations model the ideal process
kinematics and thus allow a determination of the shape of the chip to be removed, the slot
geometry, and the ideal surface roughness in the slot bottom and slot flank [21]. However,
these purely kinematic simulations do not consider the influence of machine vibrations and
cutting forces and thus do not allow an investigation of process-machine-interactions [3, 23].
Chip formation simulations can be used to analyze the cutting energies, cutting forces and
chip geometry under consideration of the cutting tool geometry and elasticity and plasticity
effects of the workpiece material [2]. The difficulty lies in the need for a precise knowledge of
the workpiece‘s elastic and plastic behavior [20]. Additionally, chip formation simulations
require a high amount of computing time and resources [2]. Because of this requirement,
usually only a fraction of the tool movement is modeled [25, 20], preventing the investigation
process-machine-interactions. Kinematic simulations with added cutting force models are able
to combine the advantages of purely kinematic simulations without omitting the influence of
the cutting forces. As such, coupling these models and the kinematics of the machine tool is
a promising approach to model process-machine-interactions in micro manufacturing and
has already been implemented by several researchers [1, 26, 15]. As of now, the implemented
machine tool kinematics are based on beam models of the tool, allowing the consideration of
tool deflection but do not include the vibrational behavior of the spindle.
Due to the excessive influence of the machine tool spindle’s behavior on the process
result in micro machining [21], high-precision spindles for micro manufacturing are required.
Because of the high requirements in terms of low friction, precision, stiffness, damping, and
rotational speeds, air bearings and magnetic bearings are used almost exclusively. Various
physical models for the investigation of air bearings have been presented [29, 19]. Most
of these models are based on the Reynolds equation for thin-film fluid flows [24]. This
Reynolds equation assumes an inertialess, laminar fluid flow. However, the accuracy of
air bearing simulations modeled with the Reynolds equation suffers from neglecting inertia
effects, sophisticated turbulence models and the analytical approximation of the orifice inlet
mass flow rate [11]. Magnetic bearings require a multiphysical simulation model to allow data
exchange between the coupled structural-electromagnetic-closed-loop-behavior [17]. Usually,
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the electromagnetic behavior is modeled using the magnetic circuit method, which represents
the magnetic bearing through a network of resistors [17]. The magnetic circuit method
is based on the electromagnetic force calculation of a simple U-shaped magnet and thus
not able to fully capture the electromagnetic behavior of complex geometries and nonlinear
material behavior [17]. Detailed finite element models can capture the spindle‘s rotordynamic
behavior considering gyroscopic effects and mass unbalance [19, 12]. But these rotordynamic
models of high-precision spindles usually do not include the influence of tool clamping, tool
geometry, and cutting forces, meaning that process-machine-interactions cannot be analyzed
with these models [12].
The benefit of investigating process-machine-interactions using physical simulation models
is the ability to identify the influences and effects of single parameters on components and the
overall process result [8]. Furthermore, simulations can be used to quantify parameters relev-
ant for the understanding of process-machine-interactions, which are difficult or impossible to
determine experimentally [25]. Thus, physical models can be a valuable resource to deepen
the understanding of tool behavior, machine vibrations and process behavior considering
the process-machine-interaction. However, for a proper simulation-based investigation into
process-machine-interactions in micro cutting, the aforementioned shortcomings must be
overcome to achieve the modeling accuracy required to capture process-machine-interaction
influences and effects. The objective of this paper is to present a suitable method for modeling
process-machine-interactions in micro manufacturing. For this purpose, methods for the
accurate physical modeling of machine tool spindles supported by air bearings and magnetic
bearings, as well as methods for the kinematic modeling of the process kinematics are given.
Further, a method for the superposition of machine and process kinematics is given to enable
the investigation of process-machine-interactions under consideration of cutting forces.
2 Methods
As explained in section 1, modeling process-machine-interactions in micro manufacturing
requires high-quality simulation models, which are able to capture the small-scale phenomena
of micro machining. This section describes the methods used to model the machine kinematics
with emphasis on the machine tool spindle dynamics as well as the process kinematics of
micro end milling.
2.1 Machine kinematics
The overall kinematic behavior of machine tool spindles is mainly influenced by the spindle’s
bearings, the rotor’s dynamics due to structural loads, the rotor’s dynamics due to thermal
loads, the tool clamping, and the tool (see also [21]). This necessitates a physical model of
the machine tool spindle which is able to capture all of the aforementioned aspects.
2.1.1 Air bearing spindles
The physical model of an air bearing spindle can be set up by first setting up, simulating,
and evaluating the fluid dynamics model of the air bearings and then using the results of
this fluid dynamics model for the structural dynamics model of the rotor, tool clamping,
and tool. For this purpose, the relevant bearing characteristics to be determined are the
dynamic stiffness and damping coefficients. These bearing characteristics can be evaluated
using the small perturbation method [6]. Herein, five cases of the fluid dynamics model
must be set up. The first case is used to determine the equilibrium pressure distribution
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(and thus fluid forces acting on the rotor) under the bearing’s given static load, such as
gravitational force. Subsequently, the rotor, which is in its equilibrium position, is perturbed
to obtain induced restoring forces and hence dynamic characteristics of the bearing. Since
the induced forces are directly proportional to the displacements and associated velocities,
only four additional cases are necessary to determine the perturbed pressure distributions: a
perturbation along the x-direction (case 2), a perturbation along the y-direction (case 3),
a perturbation along the x-direction with an applied perturbation velocity in x-direction
(case 4), and a perturbation along the y-direction with an applied perturbation velocity in
y-direction (case 5). Once all five pressure distributions are known, the dynamic stiffness
and damping coefficients can be calculated.
ANSYS Fluent 2019R3 and ANSYS Mechanical APDL 2019R3 were used to set up the
models and conduct the simulations 2.
Bearing characteristics
Since the majority of air bearing spindles are equipped with inlet restricted air bearings,
where pressurized air is fed into the bearing gap through a discrete number of orifices, this
paper will only focus on this air bearing configuration. Further, isotherm fluid flow may be
assumed [29] and air is modeled by the ideal gas law.
A schematic view of an aerostatic journal bearing with a feed orifice is given in figure 1.
The geometric properties are given by the rotor radius R, the orifice radius r0, the bearing
length L, and the bearing gap c. Pressurized air with a predefined pressure p is forced into
the bearing gap through a restricting orifice. The air flows through the bearing gap and
exists the bearing at the rear and front face of the bearing (x = L), where ambient pressure
pa prevails. Due to unavoidable external excitations and manufacturing errors, the centers
of the rotor and the bearing sleeve are never coincident, but are offset by small deviations
in x- and y-direction (∆x, ∆y). Hence, the bearing gap height h is a sum of the coaxial
bearing clearance c (bearing gap height for a rotor and bearing sleeve perfectly coincident
with respect to each other) and the eccentricity e. Consequently, the bearing gap height
varies with respect to the circumference of the rotor.
The fluid flow within the bearing can be divided into three regions:
the orifice region (I),
the entrance region (IIa)) and
the gap region (IIb)).
Within the orifice and entrance region, the abrupt redirection of the air flow leads to
complex flow phenomena such as turbulence and eddies [9]. In the gap region, these complex
flow phenomena have already subsided, which leads to a viscous/laminar flow [29]. The
corresponding qualitative pressure profile within an aerostatic journal bearing is depicted by
the blue line in figure 1. A detailed representation of the pressure distribution, including
the pressure drop in the entrance region (IIa) is required for the accurate computation of
the rotors’ equilibrium position, the equilibrium pressure distribution and hence for the
computation of the static and dynamic characteristics.
For the solution of the equilibrium pressure distribution and with respect to the different
behavior within the bearing regions I and II, the fluid dynamics model of an aerostatic
journal bearing can be split up into two submodels, which are then coupled through an
2 Naming of specific manufacturers is done solely for the sake of completeness and does not necessarily
imply an endorsement of the named companies nor that the products are necessarily the best for the
purpose.
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iterative solution approach at the interface depicted in red in figure 1. The split up submodels
are shown in figure 1. Even though both submodels must be solved during every iteration,
dividing the aerostatic bearing into two submodels is computationally more efficient compared
to the use of a single computational domain. This is due to the two submodels not requiring
the meshing and computation of multiple three-dimensional orifice regions.
r0
L/2 R
longitudal axis of rotor
II a) II b)
L
I: orifice region
II a): entrance region



























Figure 1 Schematic view of an aerostatic journal bearing with qualitative pressure profile in the
individual regions.
Submodel I consists of the orifice region (I). Taking advantage of the symmetric geometry
of the orifice, a two-dimensional simulation model can be set up by applying a rotational
symmetry boundary condition to the orifice centerline. The boundary conditions of this
submodel are specified by applying a predefined supply pressure pt,1 at the orifice inlet and a
mass flow rate ṁ at the interface (the orifice region’s outlet). The exact value of the mass flow
rate is yet unknown. The governing equations for this submodel are the Reynolds-averaged
Navier-Stokes equations for axisymmetric geometries [5]. Turbulence is modeled using the
Menter-k-ω-SST model [30].
Submodel II consists of the entrance region (IIa)) and the gap region (IIb)). Because
of the varying gap height, a three-dimensional simulation model is required and only one
symmetry boundary condition can be applied at the y-z-plane. The boundary conditions of
this submodel are specified by applying an interface pressure pt,2 at the interface (entrance
region’s inlet). This interface pressure is dependent on the prior solution of submodel I
and as such yet unknown. At the bearing outlet, an ambient pressure pa is applied. The
rotational speed boundary condition is applied to the rotor. The fluid flow in submodel II
can be modeled using the Reynolds-averaged Navier-Stokes equations [5].
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Using an iterative solution approach, both submodels can be coupled to determine the
correct mass flow rate and interface pressure. In order to determine suitable initial conditions
for the mass flow rate minit and interface pressure, an analytical formula for the calculation
of the mass flow rate through the orifice may be used. This formula is given by [28]:
ṁinit = CD · 2πr0c · Ψ
(





where CD is the discharge coefficient [28], RS is the specific gas constant, Tabsis the absolute
temperature, and Ψ is the discharge function [28] of the fluid.
With the analytical formula, both submodels, and the defined interface boundary con-
ditions, the following algorithm can be employed to determine the stationary pressure
distribution in the bearing:
1. Analytical calculation of initial mass flow rate ṁinit value according to equation 1
2. Simulation of orifice region using determined mass flow rate
3. Determination of total pressure pt,2 at orifice outlet
4. Simulation of entrance and gap regions using pt,2 as the inlet boundary condition
5. Determination of mass flow rate ṁ evaluated at entrance and gap regions
6. Repeat steps 2 to 5 until convergence criteria are met
For aerostatic bearings, suitable convergence criteria can be established by monitoring the
scaled residuals of the Reynolds-averaged Navier-Stokes equations and the fluid forces acting
on the rotor in x- and y-direction. Convergence can be assumed as soon as the fluid forces
remain constant and the scaled residuals either drop by four orders of magnitude or remain
constant. Convergence should not be judged by just monitoring the scaled residuals of
Reynolds-averaged Navier-Stokes without monitoring the fluid forces.
Once the convergence criteria are met, the first of the aforementioned five cases is solved and
the equilibrium pressure distribution is obtained. For the remaining four cases, the mass
flow rate and pressure pt,2 can be reused. Hence, only region II must be recomputed.
The remaining four cases are set up similar to the first case, the only difference being an
additional boundary condition applied to the bearing sleeve to account for the perturbation
defined by the perturbation increment. This boundary condition is applied as follows:
case 2: an additional translational offset ∆xpert is applied to the bearing sleeve,
case 3: an additional translational offset ∆ypert is applied to the bearing sleeve,
case 4: an additional translational offset ∆xpert and a translational velocity ∆ẋ is applied
to the bearing sleeve,
case 5: an additional translational offset ∆ypert and a translational velocity ∆ẏ is applied
to the bearing sleeve.
Once all five cases are solved, the pressure distributions can be integrated to obtain the fluid
forces acting on the rotor. Using the small perturbation method, a first order Taylor series
expansion yields:
Fx,i = Fx,1 + kxx∆x + kxy∆y + cxx∆ẋ + cxy∆ẏ, i = 2, 3, 4, 5 (2)
Fy,i = Fy,1 + kyx∆x + kyy∆y + cyx∆ẋ + cyy∆ẏ, i = 2, 3, 4, 5 (3)
It can be seen from equations 2 and that no additional case with superpositioned perturbations
along both the x- and y-direction is necessary. For example, in case 2, a single perturbation
along the x-direction gives a perturbation of zero in y-direction and zero perturbation
velocity, which cancels out the cross-coupled stiffness term kxy · ∆y and the damping terms
and hence enables the computation of the direct stiffness kxx. The same principle holds for
case 3. For case 4, a perturbation along the x-direction and the application of a perturbation
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velocity ∆ẋ again cancels out the cross-coupled stiffness term kxy · ∆y and the damping term
cxy · ∆ypert. Using the result of case 2, the direct stiffness kxx is already known, and thus
the direct damping cxx can be computed. where k and c are called linearized stiffness and
damping coefficients respectively. Once again, the same principle holds for case 5. Finally,
































where the first index of Force F depicts the case number which the force is evaluated in and
the second index depicts whether the force acts in x- or y-direction.
Rotordynamics









+ [K] {U} = f (5)
where M, C and K are the mass, damping and stiffness matrices, and f is the external force
vector. In rotordynamics, this equation gets additional contributions from the gyroscopic









+ ([B] + [K]) {U} = f (6)
Equation 6 is formulated using a stationary reference frame. The bearing coefficients,
calculated with the methods in section 2.1.1 are incorporated in the matrices K and C.
The external force vector f contains the mass unbalance forces, cutting forces and may also
include additional external forces, such as magnetic bearing forces (section 2.1.2).
2.1.2 Magnetic bearing spindles
The physical model of magnetic bearing spindles consists of the calculation of the electromag-
netic forces and the setup of the rotordynamics model. For the required data exchange during
the whole simulation, both aspects must be included in the closed loop model used for the
control system analysis. In this section, a method is introduced, where the electromagnetic
forces are first obtained using a three-dimensional electromagnetic finite element method
(FEM) simulation model. These forces are then stored within lookup-tables to represent the
behavior of a simulation model within the control loop.
Evaluation of electromagnetic forces
A schematic view and the applied boundary conditions of a radial heteropolar 4-pole-pair
active magnetic bearing are shown in figure 2.
A pole configuration of alternating north (N) and south (S) poles (depicted by the N
and S symbols in two of the eight poles in figure 2a)) and a differential winding scheme is
employed. Herein, one electromagnet is operated with the sum of the bias current i0 and
the control current i while the opposite electromagnet uses the difference (figure 2b)). This
ensures that the current and thus the force increase in one electromagnet to the same extent
as they decrease in the other electromagnet. Depending on the material used, both the
rotor and the iron core can exhibit magnetic saturation, where an increase of the applied
external magnetic field H does not significantly increase the magnetic flux density B within
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the material [17]. Regarding the magnetic bearing shown in figure 2, this means that once
the material is saturated, an increase of the currents through the coils does only lead to
a neglectable change in the electromagnetic forces. This nonlinear behavior is included in
the model through so-called B-H-curves [17]. The required boundary conditions for the
three-dimensional electromagnetic simulation are the number of turns, the conducting area,
the current flow direction and the current value for every coil. An edge-based magnetic vector
potential method based on the Maxwell equations [14], is used for the solution and evaluation
of the magnetic flux distribution and magnetic forces. The electromagnetic simulation model
computes electromagnetic forces based on predefined current inputs. However, the magnetic
forces also depend on the rotor position. Hence, the model must be parametric regarding the
rotor’s position in x- and y-direction to fully capture the dependencies fmag,x = f(x, y, ix, iy)

































Figure 2 a) schematic view and b) boundary conditions of a radial heteropolar 4-pole-pair active
magnetic bearing.
Rotordynamics
The magnetic bearing spindle’s rotordynamics can be described using either equation 5
or equation 6. Compared to the rotordynamics of the air bearing spindle, where the
bearing characteristics are inserted into the left-hand-side of the dynamics equation, in
the rotordynamics model of the magnetic bearing spindle the bearing forces are applied as
additional external forces within the force vector f , acting on the rotor.
Control system
Simulink R2019b 3 is used for the setup of the control system model. Distributed proportional-
integral-derivative (PID) control is used for the current control of the magnetic bearing.
3 Naming of specific manufacturers is done solely for the sake of completeness and does not necessarily
imply an endorsement of the named companies nor that the products are necessarily the best for the
purpose.
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Herein, each controlled variable (currents ix, iy) is assigned an input (positions x, y). A
single-variable PID controller is designed and implemented for each pair of inputs and outputs.
Implementing independent PID controllers for the current control in both x- and y-direction,
the dynamics equations (equation 5 or 6), and the magnetic bearing characteristics through
the described lookup-tables, one obtains a model of the closed loop, which can be used for
the system simulation and the controller design. The closed loop can be seen in figure 3a),








































































Figure 3 Control system for a spindle rotor supported by two radial heteropolar 4-pole-pair
active magnetic bearings.
The model dynamics can be described as follows: During a time step ∆t and for a given
target position rx and ry of the spindle rotor, the PID controllers determine the deviations
ex and ey from the instantaneous positions x and y and accordingly alter the control currents
ix and iy. The updated control currents get passed to the plant subsystem (figure 3b))
along with the instantaneous positions x and y of the spindle and the torque of the spindle’s
driving motor. Within the plant subsystem, the electromagnetic force fx, fy = f(x, y, ix, iy)
is calculated by looking up its x- and y-value corresponding to the instantaneous position
and currents within the four-dimensional lookup table. The updated electromagnetic force is
then transferred to the rotordynamics model. In order to solve the rotordynamics model,
additional data is required. This additional data consists of the instantaneous values of
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angular acceleration φ̈, angular velocity φ̇, rotational angle φ, positions x and y and velocities
ẋ and ẏ. When all data is evaluated, the rotordynamics model is solved numerically to obtain
the accelerations ẍ and ÿ. Accelerations are then integrated twice to obtain both updated
instantaneous velocities and positions. With the updated positions x and y, the next time
step can be computed.
2.2 Process kinematics
The setup of the simulation model for the determination of the process kinematics will be
explained with respect to a single-cutting-edge micro end mill with an infinitely sharp cutting
edge, as shown in figure 4.
The ideal process kinematics of micro end milling can be modeled by superimposing
the translational tool feed movement with a rotational movement of the tool. Without the
influence of machine kinematics and a cutting edge radius of zero, the kinematics of a micro




 r · sin(φ)r · cos(φ)
(R − r) · tan(χ′r)
+
 fz2π · φ0
0
 r ϵ [0, R] (7)
Herein, the tool feed rate of the tool with a radius R is defined by the feed per tooth fz along
the positive xP -direction. The slope of the cutting edge is reflected by the height function


















Figure 4 Schematic view of a micro end milling process (a) with a single-cutting-edge tool (b).
2.3 Process-machine-interaction
In the final physical model, the superposition of the machine kinematics and the ideal process
kinematics yields the kinematics under consideration of process-machine-interactions. The
superposition of the machine and process kinematics is achieved by using the following
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This instantaneous position of the tool due to the process kinematics is described by three
coordinates xP , yP , and zP , where the P -index stands for process. The position of the tool
center point with respect to the machine tool spindle was described by three coordinates
x, y, and z in prior sections. For a better understanding, an M -index is added to these
coordinates in the following sections, where M stands for machine.
Even though both the process and machine kinematics are modeled using a stationary
reference frame, a rotation matrix is required for the correct superposition of both kinematics.
The reason for the need of this additional multiplication lies within the nature of the
rotordynamics model. Herein, the rotor is not actually spinning but only the physical effects,
namely the gyroscopic effect and the rotating damping effect, are taken into account during
the formulation of the rotordynamics equation (equation 6). Thus, the actual spin of the tool
is accounted for by multiplying the machine kinematics xm, ym, and zm with the rotation
matrix about the rotational angle φ.
3 Results
Results will be presented in the following order: First, simulation results of the machine
simulation model will be presented. Second, simulation results of the process simulation
model and process-machine-interaction will be presented.
3.1 Air bearings
Results in this section will be reported for a single air bearing with the geometry properties
and boundary conditions listed in table 1.
Table 1 Geometry properties and boundary conditions used for the analysis.
parameter value
geometry bearing length 70 mm
rotor diameter 21 mm
number of orifices 6
orifice radius 0.09 mm
bearing gap 20 µm
eccentricity 3.5 µm
perturbation increment 1 µm
fluid properties dynamic viscosity 18 µP a · s
orifice inlet temperature 288.15 K
orifice inlet pressure 6 bar
ambient pressure 1 bar
Using the solution approach presented in section 2.1.1, one obtains the results for the
mass flow rate as ṁiterative = 4.211 · 10−5 kg/s. For comparison, the analytically calculated
mass flow rate (equation 1) is given as ṁanalytic = 3.433 · 10−5 kg/s. Compared to the
analytical value, the numerically calculated final value shows an increase of approximately
18.5%. Using the final mass flow rate and derived interface pressure, one can obtain the
corresponding stiffness and damping coefficients as described in section 2.1.1.
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3.2 Magnetic bearings
Results in this section will be reported for a rotor supported by two heteropolar 4-pole-pair
active magnetic bearings. Geometry properties and boundary conditions are listed in table 2.
Table 2 Geometry properties and boundary conditions used for the analysis.
parameter value
geometry rotor mass 3.6 kg
rotor moment of inertia about z-axis 7.01 · 10−5 kg · m2
rotor diameter 43 mm
iron core diameter 100 mm
number of poles 8
number of coil turns per coil 460
conducting area per coil 42 mm2
bearing gap 0.5 mm
bearing properties bias current 2.5 A
control current ±2.5 A
proportional gain 10, 000 A/m
integral gain 15, 000 A/ms
differential gain 6 As/m
additional properties simulation time 4 s
step size 1 · 10−4 s
solver ode3
target position in xM - and xM -direction 0 mm
The control system model (figure 3) is used to simulate the time-dependent vibrations
of the rotor. Figure 5 shows the corresponding vibration amplitudes, angular velocity and
driving torque. During the simulation time of 4 s, the rotor’s motion can be divided into
three stages.
The first stage is labeled the lift-off phase in figure 5, ranging from 0 s to 1 s. During this
phase, the rotor is brought into levitation. During this stage, no driving torque is applied to
the rotor and thus the rotor does not rotate. As can be seen in figure 5, the rotor is brought
up from its initial resting position at approximately 3.5 · 10−4 m to its target position of
xM,target = yM,target = 0 m. With the PID controller values of table 2, a maximum overshoot
of approximately 23% is observed, followed by additional smaller oscillations until the rotor
approaches its target position with an almost constant negative incline.
The second phase is labeled the acceleration phase. During this phase, a constant driving
torque of 2 Nm is applied to the rotor, generating a constant slope of the angular velocity
up until 4000 rad/s (38, 200 min−1).
The third stage is labeled the stationary phase. Once the rotor has reached its nominal
speed of 4, 000 rad/s no more driving torque is applied, leading to a constant rotor speed. In
this phase, in addition to the mass unbalance, cutting forces are applied on the tool tip and
applied once the simulation time reached 3 s.
The magnitude of the cutting force fcut was set equal to 1 N , based on experimental
investigations with comparable process parameters [16]. For a single-cutting-edge micro end
mill, the cutting force can be assumed as a harmonic force with an excitation frequency
ν equal to the angular velocity φ̇. Since no influence of changing cutting conditions is
considered (such as depth of cut being lower than the minimum chip thickness), the cutting
force was superimposed with an additional random white noise fnoise to introduce random
changes in the cutting force.
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The shift of 1 s between the rotor reaching its nominal speed and the application of
cutting forces was implemented in order for remaining oscillations of the acceleration phase
to subside. Figure 5 shows that the magnetic bearings are able to stabilize the rotor despite
















































































Figure 5 Vibration amplitudes, angular velocity and driving torque for a rotor supported by two
radial heteropolar 4-pole-pair active magnetic bearings.
3.3 Process-machine-interaction
Ideal process kinematics results in this section will be shown for the process parameters
listed in table 3. Process-machine-interaction results will be shown for the same process
parameters under consideration of the machine kinematics determined by the physical model
of the magnetic bearing spindle (see section 3.2).
Table 3 Process parameters used for the analysis.
parameter value
effective tool radius 25 µm
feed per tooth 4 µm
cutting depth 2.1 µm
minor cutting edge angle 12◦
rotational speed 38, 200 min−1
Using the process parameters listed in table 3, one can obtain the tool tip path trajectory
in xP -direction, yP -direction, and xP -yP -direction for ideal process kinematics (no process-
machine-interactions) and under consideration of process-machine-interactions as a function
of time or absolute angular tool position as shown in figure 6. Figure 6a) and c) show the
xP (t)- and yP (t)-trajectories of the tool tip (radius of R = 25 µm) without the consideration
of process-machine-interactions. As can be seen, the rotational movement of the tool tip
leads to a sinusoidal tool path trajectory. Since the tool feed movement is modeled along the
xP -direction, the absolute amplitude of the sinusoidal tool path trajectory in xP -direction is
steadily rising due to the applied tool feed rate. In figure 6b), d), and f), the ideal process
kinematics are superpositioned with the machine kinematics as described in section 2.3.
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Figure 6 Tool tip path trajectory in xP -direction, yP -direction and xP -yP -direction for ideal
process kinematics (a), c), e)) and under consideration of process-machine-interactions (b), d), f)).
Comparing the trajectories with and without process-machine-interactions against each
other, it can be noted that the tool path trajectory under consideration of process-machine-
interactions exhibits the same overall behavior as the ideal tool path trajectory but shows
additional continuous high-frequency-oscillations with a small amplitude overlapping the
ideal tool path trajectory.
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Plotting the tool path trajectories in xP - and yP -direction (figure 6a) and c)) and figure
6b) and d) respectively) against each other gives the graphs depicted in figure 6e) and f). It
must be noted that in these figures, only the front cutting motion is shown.
The aforementioned high-frequency-oscillations can be seen in figure 6f) in terms of
loops which superimpose the ideal movement of the tool. In figure 6e), the ideal tool radius
equals R = 25 µm, whereas figure 6f) shows the nominal tool radius at a rotational speed of
38, 200 min−1. This nominal tool radius equals approximately Rnominal = 27 µm, showing
that the process conditions, in this case cutting width, do change under consideration of
machine kinematics.
A three-dimensional surface representation and the surface profile of the ideal and process-
machine-interaction-considering tool path trajectory is presented in figure 7. Unlike figure
6, the surface plots in 7a) and b) depict the trajectory of the whole tool, not just the tool
tip. Further, visualizing the tool path trajectory along the zP -axis picks up on equation 7,
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Figure 7 Three-dimensional view of tool path trajectory and filtered workpiece surface profile
visualization for ideal process kinematics (a), c)) and under consideration of process-machine-
interactions (b), d)).
Figure 7a) and b) also shows a graphical representation of the slicing plane used for the
evaluation of the surface profile and roughness. The evaluation section of the surface profile
visualizations in figure 7c) and d) is based on this slicing plane.
The unfiltered surface profile is filtered by evaluating the incline between all consecutive
data points and comparing these inclines to the height function f(zP ) of the minor cutting
edge (see section 2.2 and equation 7). Excluded from this filtering are those data points that
immediately follow the maximum values, since these data points form a vertical line that
represents the vertical tool flank (see figure 4).
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The filtered surface profile without and with consideration of process-machine-interactions
is shown in figure 7c) and d). Regarding the surface profile without consideration of process-
machine-interactions (figure 7c)), the graph shows a surface profile with equidistant and
equal local minimum and maximum values as well as constant inclines between all local
minima and maxima. The maximum surface roughness value equals 0.850 µm, and thus only
about 40% of the cutting depth. The Ra-value is calculated by integrating the area between
the surface roughness and the xP -axis and equals 0.425 µm.
Regarding the surface profile with consideration of process-machine-interactions (figure
7d)), the surface profile exhibits big differences compared to the surface profile in 7c). As such,
the local minima and maxima are neither equidistant nor equal anymore. The maximum
surface roughness value equals 0.906 µm and thus is 6% higher than the maximum surface
roughness value without consideration of process-machine-interactions. Further, the Ra-value
slightly increases to a value of 0.460 µm.
4 Discussion
This section discusses the presented methods and results in terms of application possibilities
and compares them against other published work.
4.1 Air bearings
The presented model for the physical modeling of the pressure distribution of aerostatic
journal bearings differs from existing models in multiple ways.
The implementation of the orifice region (I) into the physical model allows to develop a
deeper understanding of the interactions between orifice region and entrance region, as was
stated as an objective for future air bearing designs in [11].
The use of the coupled model omits the need to guess or approximate a discharge
coefficient as was done in [29, 18]. Herein, the discharge coefficient was computed for an
aerostatic thrust pad with a single orifice in the middle of the pad. The presented model
uses the actual geometry of the radial bearing, including the orifice positions and surface
curvature of both the rotor and the stator. Comparing the mass flow rate used in various
approaches [29, 18] against the numerically calculated value using the presented method, it
becomes clear that the consideration of the actual radial bearing geometry and configuration
influences the mass flow rate (18.5% in the presented results), which will eventually influence
the simulation of the process-machine-interactions.
The use of the Reynolds-averaged Navier-Stokes equations instead of the Reynolds
equation offers the possibility to include inertia effects, turbulence and flow velocity and
direction effects. Specifically, this enables the determination of the pressure distribution of
aerostatic bearings featuring angled injection orifices similar to the physical model presented
in [32]. However, with the model presented in this paper, the dynamic damping coefficients
can be calculated, which eventually allows for a more accurate rotordynamics model of air
bearing spindles, providing a way for the investigation into new and improved air bearing
designs for air bearing spindles, such as bearings with angled injection orifices.
Drawbacks of the use of the Reynolds-averaged Navier-Stokes equations instead of the
Reynolds equation are the increase in required computer resources, an increase in modeling
time as well as an increased time consumption to compute the pressure distribution and the
dynamic characteristics. Further, the presented method exhibits a lower robustness, which
can lead to convergence difficulties.
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4.2 Magnetic bearing spindles
Using a finite element model for the evaluation of the electromagnetic forces instead of the
magnetic circuit method has the following advantages:
Nonlinear behavior such as magnetic saturation can be incorporated into the analysis,
which is not possible using the magnetic circuit method.
No approximation of the electromagnetic forces using analytical formulas is required,
leading to an overall more accurate close loop model and eventually to a more accurate
model of the process-machine-interactions.
Implementing the numerically evaluated electromagnetic forces through lookup tables
in the close loop model offers the possibility to include accurate properties of the magnetic
bearings while keeping simulation time (and thus controller design and optimization time) as
small as possible since no finite element analysis must be employed during each time step.
It is important to also mention the limits of the presented model.
Suitable lookup table data points have to be chosen in order to generate a reliable lookup
table.
Every single lookup table data point has to be generated using the finite element model,
which is more time consuming than using analytical formulas.
With respect to the time consumption of the finite element model to solve all necessary
data points used for the presented results in section 3.2, the authors’ assumption is that for
greater number of inputs (> 4) as well as greater ranges of inputs (> 15 values to represent
the behavior of every single input) the presented approach is not feasible anymore.
4.3 Process-machine-interaction
The presented approach for the physical modeling of process-machine-interactions offers a
feasible approach to analyze process-machine-interactions in micro manufacturing. Combining
a purely kinematic mathematical model of the ideal process kinematics with a rotordynamics
model of the machine tool spindle under consideration of the cutting forces offers the
possibility to capture the influence of the cutting forces on the machine‘s motion as well as
the influence of the machine´s motion on the tool path trajectory.
Compared against several existing approaches, the presented approach offers several
advantages.
The rotordynamics model is set up in a modular way. This allows for a straight-forward
implementation of additional relevant aspects that influence the machine tool spindle‘s
behavior (see section 2.1) and were not yet included in the analyses presented in section 3.
Even though the ideal process kinematics are modeled using a purely kinematic approach
similar to approaches in [3, 23], cutting forces can be included within the rotordynamics
model of the machine simulation model, providing a suitable approach to model process-
machine-interactions.
The modular setup of both the machine and process models offers great flexibility. As
such, instead of the micro end milling process analyzed in this paper (section 2.2), the process
simulation model can be adapted to represent other processes, such as micro grinding [23].
Similarly, the machine simulation model can be adapted by changing the rotor and/or tool
geometry to represent other machines and/or tools, such as micro grinding pencil tools [4].
However, the presented approach is limited. Cutting forces must be acquired through
experimental investigations or by conducting micro cutting simulations. However, care must
be taken regarding the implementation of these cutting forces in the presented model:
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Measured cutting forces already include the process-machine-interactions of the employed
machine tool and cutting process. Hence, using these forces as an input for the cutting
forces to investigate process-machine-interactions is not appropriate.
Using micro cutting simulations requires precise knowledge of the material parameters of
the workpiece and suitable constitutive laws [2]. Further, micro cutting simulations are
rather time consuming [25].
Since the process kinematics are modeled using a purely kinematic approach and the
machine kinematics only include a simple representation of cutting forces, no elasticity and/or
plasticity of the workpiece is considered. Effects, such as ploughing and burr formation,
hence cannot be examined.
5 Conclusion and outlook
This paper presented methods for the physical modeling of process-machine-interactions in
micro manufacturing. For this purpose, both the process and the machine kinematics were
modeled separately and then superimposed. In particular, methods to model air bearing and
magnetic bearing spindles were investigated as part of the machine simulation model and
micro end milling was investigated as part of the process simulation model.
Machine kinematics were determined by using a fluid dynamics model for the air bearings,
an electromagnetic model for the magnetic bearings, and a rotordynamics model for the
machine tool spindle rotor. Process kinematics were modeled using a purely kinematic
approach. Incorporation of cutting forces was implemented by applying them as an excit-
ation in the rotordynamics model. Finally, process-machine-interactions were modeled by
superimposing the machine kinematics and process kinematics under consideration of the
kinematic relationship between both components.
The following conclusions can be drawn from this analysis:
The presented physical model for air bearings is well suited for a broad range of air
bearing applications, allowing for new and improved bearing designs while yielding results
with higher accuracy compared to existing modeling approaches. Possible applications
include the analysis of air bearings with angled injection orifices, the investigation into
effects of manufacturing errors on bearing performance, and spherical air bearings;
Modeling the force-current-displacement relationship fx, fy = f(x, y, ix, iy) of magnetic
bearings with a finite element electromagnetic model and implementing this relationship
by means of lookup tables in a control system model provides greater modeling accuracy
than using the magnetic circuit method, while keeping computing time acceptable for
a moderate number of inputs. This also allows the development of more sophisticated
controllers for magnetic bearings. Application possibilities include conducting new
analyses of homopolar bearings [17], more aggressive bearing designs in terms of geometry
and operating configurations, and spherical magnetic bearings;
Splitting up the process-machine-interactions simulation model during setup into a
physical model of the machine (under consideration of the cutting forces) and a kinematic
model of the process provides a feasible method for the simulation-based investigation of
process-machine-interactions in micro manufacturing.
Currently, the presented simulations models are being validated to confirm their suitability
for the prediction of process-machine-interactions including the surface profile and surface
roughness values. In future works, the rotordynamics model will be extended to include a
detailed three-dimensional representation of the tool flexibility. Advanced process models
will be set up and replace the simple representation of the cutting forces. These process
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models may be based on chip formation simulations and can extend the suitability of the
physical model to investigate process-machine-interactions in micro end milling by including
elasticity and plasticity effects of the workpiece as well as a more accurate representation
of the cutting forces. Further, sensitivity studies will be conducted to investigate effects of
upstream simulation results on the final tool path and surface roughness results.
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